The mineralogy of drill holes J-13, UE-25A#1, and USW G-l was previously determined using qualitative and semiquantitative techniques, and most of the available data were neither complete nor accurate. New quantitative x-ray diffraction data were obtained for rocks from all three of these drill holes at Yucca Mountain, Nevada. These quantitative analyses employed both external and internal standard x-ray powder diffraction methods and permitted the precise determination of all phasei commonly found in the tuffs at Yucca Mountain, including glass and opal-GT.
INTRODUCTION
The mineralogy and petrology of numerous drill holes at Yucca Mountain, Nevada, have been thoroughly investigated as part of a project to determine the suitability of yucca Mountain to host a geologic repository for high-level radioactive waste. This research, sponsored by the Nevada Nuclear Waste Storage Investigations (NNWSI) Project of the U.S. Department of Energy and directed by the Waste Management Project Office of the Department's Nevada Office of Operations, is concerned with defining the lateral and horizontal variability of the tuffs. The ultimate goal of mineralogy-petrology studies is to obtain a complete three-dimensional model of the Yucca Mountain area, including the candidate repository horizon and the rocks along potential flow 1
II. EXPERIMENTAL TECHNIQUES
The volcanic rocks at Yucca Mountain commonly have a very fine grained groundmass that is not amenable to quantitative mineral analysis by optical petrographic techniques. Therefore, the data in this report were obtained solely by x-ray powder diffractometer techniques. Since our methods are constantly being modified and improved, a discussion of the techniques employed in this report is included here.
The data presented here were obtained on core samples for which accurate depths are given. When available, 15 to 20 g of core were crushed in a shatterbox to provide a large homogeneous sample. A portion of the powder was ground under acetone in an automatic Brinkmann Retsch mill with agate mortar and pestle to an average particle size of less than 5 urn. The particle size distribution of several samples was measured using a Horiba CAPA-500 automatic particle size analyzer to ensure that this grinding technique reproducibly yielded samples with average particle sizes less than 5 vm. This fine particle size is necessary to ensure adequate particle statistics and to reduce primary extinction (Klug and Alexander 1974, pp. 365-367) . In addition, a portion of virtually all samples was mixed with 1.0 urn corundum powder in the ratio 80% sample to 20% corundum; the only exceptions were five samples from J-13, one sample from UE-25A#1, and one sample from USW G-l. The resulting powders, both with and without an internal standard, were gently packed into a 22-x 44-mm cavity in a glass sHde; this sample area is sufficient to fully contain the x-ray beam at the lowest angle of interest.
All diffraction patterns were obtained on an automated Siemens 0-500 diffractometer using copper-Ka radiation, a diffracted-beam monochromator, and pulse-height analysis. Data were collected automatically in the step-scan mode with a step size of 0.02°29 and count times of at least 2.0 s per step. Data were commonly collected from 2.0 to 50.0°2e for both pure samples and samples mixed with corundum.
Mineral identification was accomplished by comparison of observed patterns with patterns of pure standards produced in this laboratory and by comparison with published patterns from the Joint Committee on Powder Diffraction Standards. Clay mineral standards were obtained from the Clay Minerals Society Source Clay Repository, and zeolite standards were obtained from Minerals Research Corporation, Clarkson, New York. Differentiation between chlorite and kaolinite was accomplished by heating, but admixed smectite and low amounts of chlorite/kaolinite often provided poor distinction. Hematite identification was based on major peaks at 33.2° and 35.7°2e.
However, overlap with zeolite peaks made the unambiguous determination of the presence of hematite impossible in zeolitized samples.
A. Quantitative Analysis
Virtually all of our quantitative analyses employed the internal standard or "matrix-flushing" method of Chung (1974a,b) and synthetic 1.0 wm corundum. Several samples that were too small to be mixed with corundum were analyzed by the external standard method (Chung 1974a,b) . Both of these techniques require that reference intensity ratios (RIRs) be determined before sample analysis. We have determined RIRs, the ratio of the integrated intensity of a given reflection of a phase to the integrated intensity of th& 113 reflection of corundum in a 1:1 mixture by weight, for most phases found in Yucca Mountain tuffs. RIR values used in our analyses are in Table I 3 m) , and this RIR was used for most analyses (Gl-1415 refers to a sample from drill hole USW G-l at 1415 ft depth). However, samples below 1036 m (3400 ft) in USW G-l showed evidence for some chlorite interlayers, and the RIR for these samples was obtained from Gl-3490 (1063.8 m) smectite. RIRs for clinoptilolite were measured for five different samples to assess the effects of composition and preferred orientation on RIR. We observed an approximately linear relationship between the RIR for the 9.8° (020) reflection and the intensity ratio of the 9.8°r eflection to the reflections between 22.4° and 22.7°2e (Fig. 2) . In our analyses, we commonly used the ratio of the 9.8° to 22.4° plus 22.7°2e peaks to determine the RIR of the 9.8°2e 020 reflection and used a fixed RIR for the 22.4° to 22.7°2e cluster. In the absence of a measurable 22.4° to 22.7°2e intensity, we used a value of 0.97 for the 9.8°2e 020 RIR. The RIRs for mordenite and analcime were measured for natural samples, but we have not assessed the effects of composition on their RIRs. The RIR for tridymite was measured on a rock from Yucca Flat, Nevada Test Site, Nevada, in which tridymite was a major phase. We used RIR values for tridymite that yielded an analysis totaling 100% for this rock. Thus the tridymite RIR values were not directly measured and are subject to larger errors than are the RIR values for those materials for which we obtained pure samples. The RIR for opal-CT was measured on two natural samples between 21.0° and 22.1°2e. The RIRs for alkali feldspar were obtained from natural albite and sanidine for peaks in the range 13.4° to 14.0°2e and at about 23.6°2e. These peaks are relatively free from interferences from other phases, and if both peaks are used, the relative amounts of both K-feldspar and albite can be determined.
All of our analyses employed integrated intensities rather than peak heights; this approach compensates for variations in crystallite size and degree of crystallinity.
Integrated intensities were obtained using the Siemens first-derivative peak-search routine that yields precise intensities for resolved peaks. For overlapping peaks, this routine divides the intensity at the midpoint between the peaks. Closely overlapping or very broad peaks were measured manually by planimetry, and completely overlapping peaks were not decomposed.
To analyze for the amounts of individual phases, we solved the internal standard equation derived by Chung (1974a):
where X. is the weight, fraction of component i, K. is the RIR for line n of component i, X is the weight fraction of corundum in the sample (20%), I,-is the integrated intensity of line n of component i, and I is the integrated intensity of the corundum 113 reflection. Note that this method does not require that the sum of the phases be equal to 100%. Amounts of glass in our samples were determined using this method by assuming that the difference between the total crystalline phases and 100% was due to glass, There was petrographic evidence for glass in all samples in which we report glass. We solved the external standard equation derived by Chung (1974b) to analyze the few samples not mixed with corundum:
(2) where X. is the unknown weight fraction of phase i in the rock, K* is the * i j n RIR for line n of phase i, I. and I. are the integrated intensity of line i , n j , n n of phase i and j respectively, and m is the number of phases in the mixture. This equation differs from equation (1) in that it is derived using the constraint that the sum of all phases equals 100%. Both equations (1) and (2) "flush" out the absorption coefficients by ratioing the RIRs for each phase. We have coded both the internal and the external standard methods, with all of the appropriate RIRs, in the computer program QUANT4. QUANT4 has a number of correction routines to compensate for peak overlaps.
These include (1) correction of mordenite peaks for overlap with smectite, feldspar, and corundum; (2) correction of Cristobalite for overlap witfv albite; (3) correction of corundum for overlap with calcite; (4) correction of clinoptilolite for overlap with mordenite; and (5) correction of clinoptilolite and ooal-CT for mutual overlap. In practice, these corrections improve our accuracy but decrease the precision of our analyses. 8
B. Precision of Analyses
There are numerous sources of variability in our quantitative analyses, some of which can be treated directly and some of which must be approximated. Some of the errors involved are attributable to the sample or to sample preparation. These include crystalline solution, other variations in composition, and preferred orientation.
These problems are attributable mainly to differences between samples and standards.
Other errors are due to data analysis, such as peak overlap, peak integration, counting statistics, and peak versus background discrimination. Many of these errors cancel or can be determined when measuring RIRs. For example, errors due to preferred orientation will be accounted for if the standard materials exhibit the same degree of preferred orientation as the samples to be analyzed. Errors due to peak integration and peak versus background discrimination are typically similar for sample and standard. However, errors may be significantly increased in our samples due to the presence of numerous phases with overlapping peaks. In these cases, errors due to partial or complete peak overlap, leading to problems in peak integration, are not accounted for. Therefore, we have written a computer code, RANGE, that takes into account the presence of any combination of phases in the tuff samples and considers the resulting peak overlaps when calculating relative errors. RANGE considers both the errors in RIRs and the presence of overlapping pairs of phases when calculating errors. Included are (1) the effect of the presence of smectite on the relative errors for mordenite; (2) mordenite on clinoptilolite; (3) mordenite on feldspar; (4) feldspar on mordenite; (5) feldspar on Cristobalite; (6) clinoptilolite on mordenite; (7) clinoptilolite on quartz; (8) clinootilolite on feldspar; (9) tridymite on Cristobalite; (10) tridymite on feldspar; and (11) opal-CT on clinoptilolite.
The resulting relative errors are thus increased by every peak overlap for the sample, and we believe the reported errors for internal standard analyses are conservative. Errors for external standard analyses are typically larqer than those inherent in internal standard analyses. The usual reason for employing only external standard analysis was insufficient sample, and in many cases, amounts of samples available were too small to fill our standard sample holders. Therefore, the precision reported for the external standard analyses is not conservative.
III. MINERAL DISTRIBUTIONS IN DRILL HOLES J-13, UE-26A#1, AND USW G-l
The mineral distributions in these three holes are similar, and consistent correlations are evident.
Tridymite occurs only in shallow samples (shallower than 390 m), usually in association with cristobalite and alkali feldspar. Cristobalite also occurs only in shallow samples (less than 392 m) and disappears as a major phase before the appearance of clinoptilolite in J-13 and UE-25A#1 and before analcime in USW G-l.
Qpal-CT coexists with clinootilolite in all three drill holes, and quartz is the only silica mineral coexisting with analcime in these rocks. Analcime first occurs at 608 n>. in J-13 and at 919.9 m in USW G-l, and clinoptilolite occurs in both holes in the analcime zone.
Significant smectite is often associated with glass-bearing zones, and the lower half of USW G-l contains abundant smectite and interstrati fi ed smecti te/chlori te.
The results obtained in the present study differ both qualitatively and quantitatively from those obtained previously.
Results are most different from the original analyses obtained with a Debye-Scherrer camera (J-13) but are fairly similar to the more recent diffractometer analyses of UE-25A#1 and USW G-l. Detailed analyses are in Tables II, III, The original analyses of J-13 were strictly qualitative, obtained with a Debye-Scherrer x-ray powder diffraction camera, scanning electron microscope, and electron microprobe (Heiken and Bevier 1979) . The present analyses reveal the presence of smectite in most J-13 cores analyzed, up to 20% in J13-1575 (480.1 m), whereas the original study did not identify smectite in any samples. Smectite is a particularly important phase because of its relatively high cation sorption potential and its low thermal stability . Also, no tridymite, Cristobalite, or opal-CT was identified in the original analyses. These phases are important in understanding mineral reactions with depth (Kerrisk 1983; Bish 1986) . The relationship between clinoptilolite and Cristobalite in the tuffs supports aqueous silica activity as the controlling variable in the clinoptilolite-to-analcime reaction. In addition to missing the significant amount of smectite in J13-1575 (480.1 m) near the base of the Topopah Spring Member, the previous analysis of this sample also did not report the large amount of glass present. Other minor differences inc'ude Table II showing the relative abundances of minerals and glass in drill core J-13. The scale can be used to estimate relative weight percentages. Table III showing the relative abundances of minerals and glass in drill core UE-25A#1. The scale can be used to estimate relative weight percentages. Table IV showing the relative abundances of minerals and glass in drill core USW 6-1. The scale can be used to estimate relative weight percentages. Occurrences of authigenic albite are from Bish et al. (1981) .
Fig. 4. Graphical representation of the data in
the identification of small amounts of calcite and hematite in the rocks. These are minerals that are potentially important in affecting the Eh-pH conditions of groundwater. Heiken and Bevier (1979) reported the occurrence of phillipsite and erionite in several samples of J-13 core, based upon electron microprobe data and an XRO identification listed as "erionite(?)."
We did not find any evidence for phillipsite or erionite in J-13 core (see Bish and Vaniman 1985, pp. 11-12) . B. UE-25A#1
The original analyses of UE-25A#1 core (Sykes et al. 1979) were purely qualitative and lacked several important phases including smectite, tridymite, mordenite, opal-CT, much clinoptilolite, and calcite.
The most recent analyses of the Topopah Spring Member in UE-25A#1 (Carroll et al. 1981) are very similar to the results presented here, although tridymite and traces of cl inoptilolite in some samples were not identified, and quartz appears to be too high in all previous analyses. The present report essentially supplements the earlier analyses of Carroll et al. (1981) and contains data on deeper core samples.
A noteworthy difference between the earlier results of Sykes et al. (1979) and the present data is the lack of erionite. Sykes et al. reported feathery crystals "tentatively identified as erionite" based on SEM examination of UE-25A#1-1358 (413.9 m).
Our analysis did not confirm their identification of erionite; recent SEM examinations of mordenite-bearing rocks yielded photographs of mordenite similar in appearance to the Sykes et al. erionite (Caporuscio et al. 1982; Carlos 1985) . Using XRD, we have, however, recently identified erionite as a fracture-lining mineral in UE-25A#1-1296 (395.0 m) (Bish and Vaniman 1985) .
The mineralogical analyses of USW G-l drill core presented in Bish et al. (1981) were obtained using the Siemens x-ray diffractometer, but integrated intensities were not measured, and no intensity standards were used. Therefore, the resultant data are semi quantitative at best. The qualitative agreement between the data in Bish et al. (1981) and our present analyses is fairly good, but the precision of our new data is superior to that of the older data, and several notable discrepancies exist.
As with the J-13 analyses, the present data for cristobalite are quite different from the original analyses. Bish et al. (1981) reported cristobalite occurring to the bottom of USW 6-1, whereas our present data show that cristobalite is a major phase only to 842.8 m (2765 *t). As pointed out above, the distribution of cristobalite has implications for the reaction of clinoptilolite to analcime because it appears that the aqueous silica activity controls this reaction. Our present analyses also reveal the presence of significant opal-CT in zeolitized horizons.
Further However, differentiation between chlorite and kaolinite in these rocks is difficult. In addition to these differences, we also found «mdll amounts of hematite throughout the core and hornblende in a few samples. Our data suggest that laumontite may be present in small amounts -at 1782.2 m (5847 ft), but the data do not support an unambiguous determination.
IV. SUMMARY f
New quantitative x-ray powder diffraction analyses of drill core from J-13, UE-25A#1 S and USW G-l reveal significant differences from previous qualitative and semiquantitative analyses. The differences are most pronounced for J-13 and for the early UE-25A#1 results (Heiken and Bevier 1979; Sykes et al. 1979) , whereas the more recent UE-25A#1 data (Carroll et al. 1981 ) and the USW G-l results are qualitatively similar to the present 'results.
Several additional phases were identified in the core from these drill holes, including significant smectite, tridymite, cristobalite, opal-CT, and glass with minor calcite and hematite in J-13, tridymite and clinoptilolite in UE-25A#1, and significant opal-CT and mordenite and minor clinoptilolite, calcite, and hematite in USW G-l. We found no evidence for phillipsite or erionite in J-13 core nor evidence for erionite in UE-25A#1 core. Our new data do suggest, however, that laumontite may be present near the bottom of USW G-l. In addition, the new analyses show that cristobalite is a major phase in G-l only to about 842.8 m, 1n contrast to earlier results showing cristobalite to the bottom of the hole. The material reported as kaolinite in USW G-l appears to be chlorite, occurring sporadically below 1073.8 m.
Kaolinite was unambiguously identified in several samples from UE-25A#1. These differences are noteworthy for several reasons. It is important to know the distribution of smectite, clinoptilolite, arid mordenite within the exploration block because these minerals have relatively high sorption capacities for cationic radionuclides.
In addition, these minerals, plus opal-CT and glass, are also subject to significant modification (dehydration, recrystallization? under the anticipated thermal load near the repository. Available geochemical and mineralogical data suggest that the distribution of clinoptilolite is influenced by the aqueous silica activity (Bish 1986} . The distribution of Cristobalite and tridymite is therefore quite important if we are to understand and predict the clinoptilolite distribution because solutions in equilibrium with Cristobalite, tridymite, opal-CT, or glass have a silica activity considerably higher than solutions in equilibrium with quartz. The observed cristobalite-tridymite-clinoptilolite distribution in USW G-l supports the premise that aqueous silica activity is the controlling variable in The clinoptilolite-to-analcime reaction.
